Neural oscillations in the theta band (4-8 Hz) are prominent in the human electroencephalogram (EEG), and many recent electrophysiological studies in animals and humans have implicated scalp-recorded frontal midline theta (FMT) in working memory and episodic memory encoding and retrieval processes. However, the functional significance of theta oscillations in human memory processes remains largely unknown. Here, we review studies in human and animals examining how scalp-recorded FMT relates to memory behaviors and also their possible neural generators. We also discuss models of the functional relevance of theta oscillations to memory processes and suggest promising directions for future research.
Introduction
Recent work in neuroscience has indicated that neural oscillations may play a fundamental role in human cognition Siegel et al., 2012) . In particular, theta oscillations have received considerable attention from researchers, including studies of hippocampal theta in rodents (for review, see Buzsáki, 2002) and cortical theta in humans Mitchell et al., 2008) . Scalp electroencephalography (EEG) studies in humans have consistently reported prominent theta power enhancement over frontal regions during various working memory (WM) and episodic memory tasks (Klimesch, 1999) , but the functional significance of these oscillations in memory processes remains unclear.
In this review, we aim to provide a concise overview of theta involvement in WM and episodic memory, with a particular emphasis on scalp-recorded theta oscillations that are prominent around Fz electrode site, also known as "frontal midline theta" (FMT) . 1 We begin by discussing the electrophysiological signatures of scalp-recorded FMT and its potential neural sources. Next, we summarize recent studies relating FMT modulations to working memory and episodic memory tasks. Finally, we conclude by reviewing current models regarding how FMT might contribute to memory.
What is frontal midline theta?
Electrophysiological features and measures of FMT
The observation of scalp-recorded theta oscillations can be dated back to at least Arellano and Schwab (1950) , but the term "frontal midline theta" was not introduced until Ishihara and Yoshi (1972) . Using a set of strenuous mental tests such as continuous arithmetic calculations, Ishihara and Yoshi (1972) reported increased occurrence of EEG fluctuations centering around 6.5 Hz that was maximal over frontal sites while participants were actively engaged in the tests. Since then, several studies have investigated the functional significance of scalp-recorded FMT (e.g., Asada et al., 1999; Gevins et al., 1997; Iramina et al., 1996; Laukka et al., 1995; Mizuki et al., 1980; Sasaki et al., 1994 Sasaki et al., , 1996a . Although there are slight variations in terms of the frequency range of FMT among scalp EEG studies, it is generally agreed that FMT is in the range of 4-8 Hz rhythmic activities and typically maximal around the Fz electrode site (Ishihara et al., 1981; Yamaguchi et al., 1990) . In terms of power spectral profile, FMT is manifested as a prominent peak at theta frequency range on frontal EEG signals (see Fig. 1 ). Numerous cognitive operations have been shown to modulate FMT power (Klimesch, 1999; Mitchell et al., 2008) , but it is most readily observable during tasks that involve sustained, internally-directed cognition without external stimuli or responses (Gevins et al., 1997; Hsieh et al., 2011; Jensen and Tesche, 2002; Meltzer et al., 2007 Meltzer et al., , 2008 Raghavachari et al., 2001; Roberts et al., 2013; Scheeringa et al., 2009; Tsujimoto et al., 2003 Tsujimoto et al., , 2006 Tsujimoto et al., , 2010 .
Putative neural generators of FMT
Source modeling based on scalp EEG and MEG data Gevins et al., 1997; Ishii et al., 1999; Meltzer et al., 2007; Onton et al., 2005) suggests that FMT could be generated by sources in the anterior cingulate (ACC) and medial prefrontal cortex (mPFC). Consistent with these source-modeling results, direct electrophysiological recordings in monkeys have identified theta sources in BA32 (rostral ACC) and BA9 (dorsolateral PFC; dlPFC) (Tsujimoto et al., 2003 (Tsujimoto et al., , 2006 (Tsujimoto et al., , 2010 . Using intracranial EEG (iEEG) recordings from humans, Raghavachari et al. (2001) also reported evidence for local generators of theta oscillations in the middle frontal gyrus during a WM task.
In addition to mPFC, several lines of evidence indicate a close relationship between FMT and activity in the "default mode network" (DMN; Raichle et al., 2001 ), a network of brain regions that is heavily interconnected with the mPFC (Kondo et al., 2005; Parvizi et al., 2006) . For instance, Scheeringa et al. (2008) acquired simultaneous EEG and functional magnetic resonance imaging (fMRI) data during rest and showed that FMT power correlated negatively with blood oxygenation level-dependent (BOLD) signal in the ACC, mPFC, precuneus, posterior cingulate, and angular gyrus-all components of the DMN. The inverse relationship between FMT and DMN BOLD activity has since been replicated and further shown to be behaviorally relevant to both episodic memory and WM tasks (Michels et al., 2010; Scheeringa et al., 2009; White et al., 2012) . Additionally, it has been shown that individuals who show greater modulation of FMT power with WM load exhibited larger task-evoked decreases in DMN BOLD signal (Meltzer et al., 2007) .
These results suggest a highly robust relationship between the DMN and FMT, although the interpretation of this relationship is not straightforward. One possibility is that the inverse relationship between DMN activity and FMT power is mediated by their differential response to tasks that require external attention. That is, the DMN is disengaged during attention-demanding tasks (Weissman et al., 2006) , and FMT oscillations are increased during attention-demanding tasks (Aftanas and Golocheikine, 2001; Asada et al., 1999; Ishihara and Yoshi, 1972; Ishii et al., 1999; Kubota et al., 2001; Sauseng et al., 2007) , so one might expect FMT power to be negatively correlated with DMN BOLD even if the two phenomena were not directly related to each other. This idea, however, is difficult to reconcile with evidence from iEEG studies. Evidence from several iEEG studies indicates that theta oscillations are likely generated in multiple DMN regions, including the mPFC, precuneus, retrosplenial, and posterior parahippocampal cortex (Ekstrom et al., 2008; Foster and Parvizi, 2012; Tsujimoto et al., 2003 Tsujimoto et al., , 2006 Tsujimoto et al., , 2010 . The available evidence, therefore, is more consistent with the idea that FMT may reflect oscillatory activity that propagates throughout the DMN. In light of evidence reviewed below, indicating that FMT is related to the active engagement of working and episodic memory processes, it is reasonable to speculate that DMN deactivation during attention demanding tasks could be an indicator of theta-related processes.
An important, and currently unresolved question, however, is why theta activity is often associated with reduced BOLD signal. One possibility, suggested by Kilner et al. (2005) , is that the metabolic activity related to BOLD responses could be driven by overall shifts in the EEG spectral profile between low and high frequencies (see also Burke et al., 2014; Scheeringa et al., 2011) . Electrophysiological observations in monkeys (Logothetis et al., 2001 ) and cats (Niessing et al., 2005) are consistent with this hypothesis, suggesting that enhanced hemodynamic responses are associated with a transition of oscillatory power from delta/theta frequency band to lower/upper gamma band. Accordingly, it is possible that during periods of increased theta power, there may be a drop in power in higher frequencies such as gamma, and a net reduction in metabolic demand within DMN regions. This idea is speculative, however, and further study will be required.
In addition to the DMN, the hippocampus is an obvious candidate for the generation of theta (Bastiaansen and Hagoort, 2003; Klimesch, 1999; Mitchell et al., 2008) , given the vast literature on hippocampal theta oscillations in rats (for reviews, see Buzsáki, 2002 Buzsáki, , 2005 Vanderwolf, 1988; Vertes and Kocsis, 1997; Vinogradova, 1995) . It is unlikely that direct volume conduction of hippocampal activity contributes much to FMT recorded at the scalp (Nunez and Srinivasan, 2006) , but it is possible that the hippocampus may interact with, and thereby contribute to, theta activity in cortical regions. The presence of strong connections from the hippocampus (CA1 and subiculum) to the mPFC and dlPFC (Barbas and Blatt, 1995; Ferino et al., 1987; Goldman-Rakic et al., 1984; Jay et al., 1989; Rosene and Van Hoesen, 1977; Sesack et al., 1989; Swanson, 1981) lends credence to this idea (Klimesch, 1999; Mitchell et al., 2008) . Fig. 1 . Power spectrum showing prominent peak at theta (4-8Hz) frequency band. Frequency decomposition was computed on scalp-recorded EEG data from Fz channel during the maintenance of temporal order information in a working memory task (i.e., the "ORDER" trial condition in Fig. 2A ). The power spectrum was computed on data during the delay period of ORDER working memory task on trials in which temporal order information was correctly identified. Power spectrum was computed based on scalp-recorded EEG data collected from one example participant in Hsieh et al. (2011) .
The strongest evidence for a relationship between cortical and hippocampal theta has come from studies that simultaneously recorded activity in the rodent mPFC and hippocampus. Several studies have demonstrated that mPFC neuronal spiking preferably occurs at specific phase of hippocampal theta oscillations (Gordon, 2011; Hyman et al., 2005; Jones and Wilson, 2005a; Kim et al., 2011; Siapas et al., 2005; Sigurdsson et al., 2010) . Phase-locking of PFC spiking to hippocampal theta is behaviorally related to spatial memory performance (Jones and Wilson, 2005b; Kim et al., 2011; Sigurdsson et al., 2010) and it is most prominent after learning has occurred (Kim et al., 2011) . Studies have additionally demonstrated that theta coherence in local field potentials (LFPs) recorded from rodent PFC and the hippocampus is particularly strong during spatial decisions that require expression of memory, and only after the rats have acquired the spatial memory tasks (Benchenane et al., 2010; Kim et al., 2011) . Moreover, PFC spiking activity is best phase-locked to hippocampal theta oscillations that occurred in the past (approximately 50 ms before) (Siapas et al., 2005) , suggesting a directionality in PFC-hippocampal communication, with hippocampal theta leading PFC activity (see also Anderson et al., 2010) . Consistent with these findings, transgenic mice with disrupted PFC-hippocampal theta coherence showed impaired spatial memory (Sigurdsson et al., 2010) .
Together, these findings are suggestive of a close link between hippocampal and PFC theta activity. It is possible that direct anatomical projections from the hippocampus to PFC interneurons (see Tierney et al., 2004 ) enable theta-modulated hippocampal neurons to drive PFC interneuron activity, which, in turn, modulate theta oscillations in the PFC (see Blatow et al., 2003) . This speculation is supported by a recent study (Benchenane et al., 2010) showing that PFC interneurons, whose activity was phase-locked to hippocampal theta, inhibited PFC pyramidal cells when behaviorally-relevant information was processed. Benchenane et al. (2010) further hypothesized that PFC interneurons might act as "local theta oscillator" that modulates PFC cell dynamics. Although these studies demonstrate a close relationship between theta activity in the hippocampus and mPFC, most of them are correlational. A more refined animal model directly manipulating hippocampal theta oscillations (i.e., abolishing or restoring hippocampal theta, see also Givens and Olton, 1990; Leutgeb and Mizumori, 1999; McNaughton et al., 2006 ) is needed to help determine whether hippocampus theta plays a role in driving/initiating frontal theta in humans (Anderson et al., 2010) , or whether frontal theta can be generated locally, independent of hippocampal activity (see also Cashdollar et al., 2009 ).
Working memory and FMT
WM processes support the active maintenance of information so that it can be manipulated or quickly accessed at a later time (Baddeley, 1986 (Baddeley, , 2003 . Several electrophysiological studies have also reported persistent FMT oscillations during WM tasks (Gevins et al., 1997; Hsieh et al., 2011; Jensen and Tesche, 2002; Meltzer et al., 2007 Meltzer et al., , 2008 Raghavachari et al., 2001; Scheeringa et al., 2009 ). For instance, Gevins et al. (1997) used a n-back task that allowed them to examine changes in activity as a function of the amount of information maintained in WM. Gevins et al. found that FMT power directly increased with increasing WM load (i.e., number of items to be maintained in WM) in both verbal and spatial WM tasks. Complementing these findings, Jensen and Tesche (2002) conducted a magnetoencephalography (MEG) study of the Sternberg WM paradigm using digits as stimuli and found that the power of theta oscillations over frontal sensors not only increased during retention period, but was also parametrically modulated by the number of digits being maintained in WM-the amplitude of theta power increased as WM load increased (see also Meltzer et al., 2008 , for similar findings in a human iEEG study). The finding of parametric modulation of FMT with WM load has since stimulated a series of studies (e.g., Hsieh et al., 2011; Klimesch et al., 1999; Meltzer et al., 2007 Meltzer et al., , 2008 ; Roberts et al., 2013; Scheeringa et al., 2009) aiming to further characterize the functional significance of FMT enhancement during WM tasks.
In addition to increases of theta related to WM load, some results suggest "gating" of theta oscillations over several brain regions, including the frontal cortex, during performance of a WM task. In an iEEG study, Raghavachari et al. (2001) showed that the power of theta oscillations directly recorded from middle frontal gyrus drastically increased at the start of a WM trial, stayed elevated throughout the entire WM duration, and then sharply decreased as soon as a response decision had been reached.
Although it is clear that FMT is related to WM processes, at present, there is no clear interpretation of the functional significance of these oscillations. Some data suggest a general role for theta oscillations in coordinating the reactivation of information represented in posterior cortical areas. For instance work by Rainer and colleagues has shown that, theta activity in monkey visual area V4 was enhanced during performance of a visual WM task (Lee et al., 2005) , and theta phase synchrony between V4 and dlPFC was predictive of accurate performance (Liebe et al., 2012) . Single unit recordings from the same sites revealed that stimulus-selective activity of V4 neurons during the memory delay was phase-locked to the ongoing theta oscillation (Lee et al., 2005) . These findings suggest that theta oscillations might regulate the activation of relevant visual object information that is maintained in WM.
An additional possibility is that theta oscillations may have a particular role in coordinating the sequential reactivation of neuronal ensembles that represent individual items in WM (Jensen, 2006; Jensen and Lisman, 2005; Lisman and Idiart, 1995; Lisman and Jensen, 2013) . For instance, Lisman and colleagues proposed a computational model suggesting that individual items in WM could be maintained by activation of specific ensembles of neurons within a single gamma (30-80 Hz) cycle. The role of theta oscillations is to regulate activations of different item representations such that each item representation is sequentially activated at a different phase of a theta cycle based on the order in which it is perceived (Lisman and Idiart, 1995) . Moreover, the number of gamma cycles that are nested within a theta cycle determines the number of multi-item representations that can be maintained in WM.
A recent iEEG study provided initial support for the model by demonstrating that theta-gamma cross frequency coupling 2 supports multi-item WM maintenance (Axmacher et al., 2010) . Consistent with the idea that theta frequency determines the number of items that can be maintained in WM buffer, Axmacher et al. (2010) showed that the theta frequency range (at which gamma oscillations were modulated) shifted toward lower frequencies with increasing WM load, suggesting that longer theta cycles (i.e., lower theta frequency) are conducive to the maintenance of increased number of item representations, as it allows for the accommodation of more gamma cycles within a single theta cycle.
One implication of the work described above is that theta may be disproportionately important for the maintenance of temporal order information, relative to conditions in which only item information must be maintained. According to the theta-gamma model, theta oscillations provide a mechanism through which sequence order between individual items is retained by representing each item at a different theta phase; the earlier the item in the sequence, the earlier the theta phase associated with it (Jensen, 2006; Jensen and Lisman, 2005; Lisman and Jensen, 2013) . This idea is potentially consistent with the results of EEG studies of the n-back and Sternberg WM tasks. In such tasks, when memory load is relatively high, participants may automatically maintain the temporal order of the items (Hasher and Zacks, 1979; Mangels, 1997) . Thus, FMT modulations with increasing WM load might relate to the maintenance of temporal order information.
We recently conducted a scalp EEG study to more directly investigate the relationship between FMT and temporal order maintenance (Hsieh et al., 2011) . In this study, participants performed two types of WM tasks that required the participants to maintain either information about specific items ("ITEM" trials) or about the temporal order of the items ("ORDER" trials) (see Fig. 2 ). ITEM and ORDER trials were carefully matched for task difficulty so that they would not differ in overall attentional demands. We hypothesized that, if FMT oscillations in WM are associated with the maintenance of temporal order information, ORDER trials should elicit stronger FMT enhancement as compared to ITEM trials. Consistent with this prediction, we found that FMT power was increased during temporal order maintenance as compared to during item maintenance. Moreover, FMT activity was related to behavioral performance-the FMT was evident for high performers on the order WM task but not for low performers. Importantly, the comparable behavioral performance between the two WM tasks suggested that the observed oscillatory effects could not be attributed to differential attentional demands between item and order WM tasks.
The relationship between FMT and the maintenance of temporal order information was further corroborated by another study in which maintenance of temporal order information was directly compared with the maintenance of spatial information (Roberts et al., 2013) . Sequentially presenting a set of four visual objects that each occupied a different location on the screen in a WM trial, Roberts et al. (2013) reported FMT increases in WM trials that required maintenance of temporal order information (the temporal order at which visual objects were presented) as compared to WM trials that required maintenance of spatial information (the locations at which visual objects occupied). The striking convergence between the results of Roberts et al. (2013) and Hsieh et al. (2011) suggests that FMT oscillations are preferentially involved in the maintenance of temporal order information.
In summary, FMT oscillations are increased during WM tasks and are parametrically modulated by the number of items maintained in WM. Our recent scalp EEG results further demonstrated that FMT may play a special role in the maintenance of temporal order information, which is consistent with computational models suggesting that theta oscillations could coordinate the sequential activation of multiple items in WM. Further work needs to be done in order to determine whether items maintained in WM become activated at different gamma cycles that are nested within the slower theta oscillation. This idea is reasonable in light of the finding that single neurons exhibit object-selective activity that is aligned to a particular phase angle of the theta oscillation (Lee et al., 2005) .
Recent advances in multivariate pattern classification (MVPC) techniques (Hanson and Halchenko, 2008; Haxby et al., 2001; Jafarpour et al., 2013; Mansfield et al., 2012; Norman et al., 2006b; Shinkareva et al., 2008; Simanova et al., 2010) present an opportunity to further test Lisman's model by testing whether the replay of individual items is associated with a distinct theta phase during WM maintenance. A recent MEG has provided promising results along these lines. Using a delayed matched-to-sample task in which participants were required to maintain either indoor or outdoor scene information in each WM trial, Fuentemilla et al. (2010) reported reactivation of content-specific information (i.e., based on MVPC output) during the WM delay. Furthermore, reactivation of maintained information was phase locked to theta oscillations, and theta phase-locking of replays was positively correlated with behavioral performance on the WM task. These results suggest the importance of theta oscillations in coordinating periodic replay of item representations during WM maintenance (Jensen and Lisman, 2005) . 
Episodic memory and FMT
Episodic memory refers to the ability to remember the details of past events (Tulving, 2002) . It is well established that the hippocampus, parahippocampal cortex, and PFC play important roles in episodic memory (Eichenbaum et al., 2007; Wheeler et al., 1997) , and as noted above, theta oscillations are evident in these regions. Accordingly, many studies have sought to find links between FMT and episodic memory by comparing theta power elicited on trials that were associated with successful memory performance against trials that were not associated with successful memory performance.
A number of scalp EEG studies have reported that FMT during memory encoding is enhanced for items that are subsequently recollected (Hanslmayr et al., 2009; Klimesch et al., 1997; Mölle et al., 2002; Summerfield and Mangels, 2005; White et al., 2012 ; see also Klimesch, 1999; Nyhus and Curran, 2010) . Convergent results were reported in an iEEG study, which showed that theta oscillations generated from within the PFC predicted episodic encoding success (Sederberg et al., 2003 (Sederberg et al., , 2007 . Although it might be argued that the FMT subsequent memory effect simply reflects differential mental effort or attentional resources favoring the subsequently remembered items (Aftanas and Golocheikine, 2001; Asada et al., 1999; Ishihara and Yoshi, 1972; Ishii et al., 1999; Kubota et al., 2001; Sauseng et al., 2007) , a study by Klimesch et al. (1996) suggested that this may not be the case. Klimesch et al. (1996) found that, even with relatively similar levels of attention, items that were subsequently remembered still elicited stronger FMT power as compared to items that were subsequently forgotten, suggesting that FMT oscillations are related to intrinsic episodic memory processes and are unlikely to reflect global attentional fluctuations.
A recent study demonstrated that the relationship between theta activity and memory encoding might depend on connectivity between the hippocampus and PFC (Cohen, 2011) . By using diffusion tensor imaging (DTI), Cohen (2011) quantified the integrity of white matter tracts connecting the hippocampus and PFC and found that participants with higher hippocampal-PFC connectivity tended to have better long-term memory (LTM) performance. Moreover, participants with higher hippocampal-PFC connectivity exhibited slower frequency oscillations at theta/delta frequency bands (i.e., the peak of oscillatory power shifted to lower frequencies) over frontal regions in scalp-recorded EEG. These findings demonstrate the interplay between the hippocampus and PFC during LTM in humans.
In addition to encoding, some studies have also reported links between theta power and retrieval of episodic memories (Addante et al., 2011; Burgess and Gruzelier, 1997; Gruber et al., 2008; Guderian and Düzel, 2005; Klimesch et al., 2000 Klimesch et al., , 2006 Osipova et al., 2006) . Studies have shown that FMT power is higher during correct recognition of studied items than during correct rejection of non-studied items (Burgess and Gruzelier, 1997; Gruber et al., 2008; Guderian and Düzel, 2005; Klimesch et al., 2000) , a comparison that is similar to the oldnew effects traditionally examined in event-related potential (ERP) studies (Friedman and Johnson, 2000) . Results from Klimesch et al. (2006) suggest that these memory-related effects on FMT oscillations do not simply reflect a general processing demand. Using a continuous recognition task, Klimesch et al. (2006) showed that early (~200-500 ms after stimulus onset) FMT power decreased with increasing temporal lag between study and test items. This is the opposite of what would be expected if FMT reflected nonspecific effort or task difficulty, as task difficulty increases as the study-test lag increases.
In addition to memory processes that ensue following processing of items to be encoded or retrieved, some recent studies have suggested that the cognitive state or mode (Rugg and Wilding, 2000) before an event can also determine the success of memory formation and retrieval (Addante et al., 2011; Gruber et al., 2013; Guderian et al., 2009; Rutishauser et al., 2010) . In a study in which each study item was preceded by a reward cue indicating the amount of monetary reward if the study item was subsequently remembered, Gruber et al. (2013) reported that FMT power following a reward cue, but before the to-be-encoded word, exhibited a robust subsequent memory effect: FMT between the presentation of the reward cue and the onset of a word was predictive of later memory for the word. Moreover, the subsequent memory effect was only evident for cues that signified high reward but not low reward. Gruber et al. (2013) speculated that the theta effect might be mediated by the dopaminergic midbrain system that could potentially modulate hippocampal-PFC theta coherence (Benchenane et al., 2010) . In a MEG study in which subsequentlyrecalled studied items were directly compared with studied items that were not later recalled, Guderian et al. (2009) used source modeling and showed that theta power localized to medial temporal regions was enhanced prior to the onset of items that were subsequently recalled. Using iEEG in epilepsy patients, it has been reported that prestimulus hippocampal theta power is related to encoding success . Additionally, coherent timing of hippocampal spikes relative to ongoing theta oscillations prior to an encoding event is predictive of subsequent memory for that event (Rutishauser et al., 2010) .
With respect to episodic retrieval, Addante et al. (2011) recorded scalp EEG while participants were performing a source memory retrieval task in which participants were required to identify presented old items along with their associated encoding task (i.e., living/nonliving or pleasant/unpleasant task). They found that FMT power before the stimulus event is specifically predictive of accurate retrieval of source details (i.e., which encoding task) but not item information (see Fig. 3 ). Moreover, the pre-stimulus FMT enhancement was positively correlated with post-stimulus parietal theta activity that was related to successful source memory retrieval. Based on these findings, Addante et al. (2011) argued that FMT before a stimulus event might be related to a preparatory process that facilitates the retrieval of episodic details upon the presentation of a retrieval cue. Whether the preparatory process reflects a reinstantiation of the contextual state at encoding or a general neurocognitive state that facilitates retrieval of contextual details remains to be explored.
The results described above all suggest positive associations between theta oscillations and memory performance. However, it should be noted that theta oscillations can be associated with forgetting under certain circumstances Staudigl et al., 2010) . For instance, using a retrieval-induced forgetting paradigm in which selective retrieval of some studied items leads to forgetting of closely related studied items (Anderson et al., 1994) , Staudigl et al. (2010) found that FMT power during selective retrieval was related to later forgetting of items that did not receive selective retrieval. Source estimation procedures implicated the ACC as the source of this theta effect. The results were interpreted as suggesting that theta oscillations play a role in resolving competition during selective retrieval by inhibiting representations of interfering items. As we will discuss below, these findings are in close agreement with a computational model proposed by Norman and colleagues (Norman et al., 2005 (Norman et al., , 2006a (Norman et al., , 2007 , suggesting that theta oscillations may play a role in suppressing representations of competing associations (i.e., items closely related to selectively-retrieved items) while also strengthening representations of target memories (i.e., items that received selective retrieval).
Functional interpretations of FMT
Thus far, we have reviewed evidence demonstrating the relationship between FMT oscillations and WM, episodic encoding and retrieval. The evidence strongly suggests that FMT oscillations are meaningfully related to cognition. The wide range of phenomena to which theta has been linked make it challenging to ascribe any simple functional interpretation. Adding further complexity to this issue is the fact that FMT oscillations are probably not exclusively related to performance on traditional memory paradigms. Indeed, numerous studies have shown that FMT oscillations are also modulated by error-related signals (e.g., Luu et al., 2004; Trujillo and Allen, 2007 ) and reward expectation (Cohen et al., 2007; Gruber et al., 2013) , even though these tasks do not seem to have significant memory demands. If FMT oscillations are not exclusive for memory, then it is logical to ask whether FMT oscillations play any particular role in memory processing.
We suspect that it may be overly simplistic to assume a single role for FMT oscillations. To the extent that theta oscillations can be observed in multiple, functionally distinct regions, the specific cognitive functions associated with FMT may depend on the particular neural sources that generate theta oscillations during the task in question . That said, we think that the intrinsic rhythmicity of neural oscillations that are associated with scalp-recorded FMT may be leveraged to optimize particular kinds of computations that are relevant to memory. For example, as described earlier, computational simulations (Jensen, 2006; Jensen and Lisman, 2005; Lisman and Idiart, 1995) have demonstrated that theta-gamma phase coupling could provide a mechanism by which multiple item representations can be sequentially activated in each theta cycle. This view is compatible with evidence implicating FMT in multi-item WM (Gevins et al., 1997; Jensen and Tesche, 2002) , as well as studies suggesting that FMT might be particularly relevant to maintenance of temporal sequence information (Hsieh et al., 2011; Roberts et al., 2013) . Moreover, the temporal distance between activation of successive item representations is substantially compressed tõ 20 ms, which corresponds roughly to the duration of one cycle of gamma oscillation, and is well within a time frame to allow these items to be associated via spike timing dependent plasticity (i.e., long-term potentiation; LTP) (Bi and Poo, 1998; Markram et al., 1997) . Thus, the sequential activation of items in a theta cycle could allow for the item representations to become directly linked through Hebbian plasticity mechanisms and, as a result, support the storage of long-term episodic memories (Jensen and Lisman, 1996) , which are unique sequences of briefly occurring events. Jensen and Lisman (1996) hypothesized that the relative long time constant of slow NMDA channels (~150 ms, which is about one cycle of theta oscillations) provides a plausible neural mechanism to link/encode together (through LTP) unique sequence of events (each associated with a gamma subcycle nested within a theta cycle) constituting an episodic memory. Furthermore, properties of slow NMDA channels also allow retrieval of sequence memory by presenting initial events of the memory (Jensen and Lisman, 1996) . Extending the argument described above, one could speculate that theta-gamma coupling could be critical for supporting the representation of temporal context information inherent to all episodic memories. This idea was proposed by Hasselmo and Eichenbaum (2005) . Inspired by the temporal context model (TCM, Howard and Kahana, 2002; Howard et al., 2005) and observation of context-sensitive firing properties of hippocampal neurons (Wood et al., 2000) , Hasselmo and Eichenbaum (2005) proposed that hippocampal theta might play a role in the formation of temporal context that facilitates subsequent retrieval of recent episodes based on the temporal context. This idea is consistent with results demonstrating that simulated lesions of the anterior thalamic-hippocampal axis, which reduce hippocampal theta (see also Lee et al., 1994; Winson, 1978) , impair context-dependent memory retrieval. Consistent with context sensitivity of hippocampal theta, Guderian et al. (2009) reported pre-stimulus theta subsequent memory effects (which were source localized to the medial temporal lobe) and argued that they might reflect pre-activation of a mnemonic context that promotes memory encoding. Based on these results, it seems that hippocampal theta might play a special role in contextguided memory behaviors. Interestingly, the recent finding of prestimulus FMT and its correlation with source memory accuracy during episodic retrieval (Addante et al., 2011) indicates that FMT might also relate to reinstantiation of contexts that facilitate memory retrieval. One question that follows is that whether the context effects associated with hippocampal theta and FMT reflect qualitatively different or similar underlying neural mechanisms. Further research is needed to distinguish the functional significance of hippocampal-based and frontalbased theta oscillations. Staudigl and Hanslmayr (2013) also advanced the idea that FMT may be related to context representation, speculating that theta power will be closely associated with successful memory performance only when encoding and retrieval contexts are similar to each other (Hanslmayr and Staudigl, 2014; Staudigl and Hanslmayr, 2013) . In their study, participants studied words superimposed on movie clips and their memories for words were later tested by presenting the word with either the same or a different movie clip. They found that FMT power during encoding was enhanced for subsequently remembered items than for subsequently forgotten items that were tested in the same context (i.e., the same movie clip). In contrast, when a studied item was tested under a context that was different from its encoding context, negative theta subsequent memory effects were observed (Staudigl and Hanslmayr, 2013) .
Another account of FMT is that theta oscillations might have systematic effects on strong and weak representations in a neural network (Norman et al., 2005 (Norman et al., , 2006a (Norman et al., , 2007 . Inspired by the close link between inhibitory interneurons and theta oscillations (Buzsáki, 2002) and findings that LTP and long-term depression (LTD) operate at different phases of theta oscillations (Huerta and Lisman, 1996; Hyman et al., 2003) , Norman et al. (2005 Norman et al. ( , 2006a Norman et al. ( , 2007 ) developed a learning algorithm in which the strength of inhibition oscillates at theta rhythm such that weak target memories are strengthened and strong competitors are suppressed. According to the model, theta oscillations reflect oscillating levels of inhibition that bias the competition between representations in a network. As inhibition levels rise during a theta cycle, strong target memories are selectively activated, and as inhibition levels fall, competing representations are moderately activated as well. The difference between the high and low inhibition states leads to the strengthening of the targeted memories (through LTP) and weakening of the competitors (through LTD).
As briefly mentioned earlier, the oscillating inhibition model has been used to explain the relationship between theta oscillations and retrieval-induced forgetting: theta oscillations suppress competing memories that interfere with selective retrieval of target memories and strengthen weak parts of selectively retrieved memories (Norman et al., 2007) . The inhibition model could also be extended to explain general relationships between theta activity and memory in terms of reducing the effects of interference. For instance, FMT oscillations during WM maintenance (Gevins et al., 1997; Jensen and Tesche, 2002; Meltzer et al., 2007 Meltzer et al., , 2008 could facilitate the activation of currently relevant items on a given WM trial and the inhibition of competing representations of (now-irrelevant) items from previous WM trials.
General conclusions and future directions
Our goal in the present review was to provide a brief synopsis of the available evidence regarding the neural origins of scalp-recorded theta and on the relationship between theta activity and memory processes. The literature in this area is rapidly expanding, and we are now at the point at which the field can move beyond basic questions about whether there is a relationship between theta and memory, and move towards testing of different models to account for how theta activity influences memory. The models discussed here represent just a few possible explanations on how theta oscillations might influence neural computations and thereby influence memory processes. However, more detailed modeling of cortical theta is clearly necessary in order to understand the range of phenomena that has been linked to theta oscillations.
We anticipate that the use of pattern classification techniques will help examine the validity of existing models of theta oscillations. For instance, the theta-gamma model predicts that each item representation is associated with a distinct theta phase and that the theta phase with which an item is associated reflects the temporal order in which it was encoded. On the other hand, the oscillating inhibition account hypothesizes that target and competitor memory representations are associated with distinct theta phases. By applying trained pattern classifiers to decode momentary neural representation (on the order of milliseconds) at different theta phases, researchers may be able to test the predictions of these models.
We also anticipate that further insights will come from studies that can directly manipulate theta activity (e.g., Sigurdsson et al., 2010) . For instance, transgenic mice with risk genes for schizophrenia have been reported to show compromised PFC-hippocampal theta synchrony during a WM task. Future studies using pharmacological, electrophysiological, or optogenetic techniques to experimentally manipulate cortical theta activity in animal models could allow for precise investigations of the effects of theta oscillations on local circuit computations. In humans, methods to entrain (Nitsche et al., 2008) or perturb (Hamidi et al., 2009; Johnson et al., 2010) brain oscillations could be used to test whether FMT oscillations are critical or necessary for memory functions. By using transcranial magnetic stimulation (TMS) and transcranial alternating/direct current stimulation (tACS, tDCS), researchers have been able to causally manipulate neural oscillations (e.g., Hamidi et al., 2009; Sauseng et al., 2009; Sela et al., 2012) . These brain stimulation techniques may lead to important answers about the functions of FMT and possibly even lead to new approaches to the treatment of memory disorders that are associated with theta dysfunction in patients who suffer from epilepsy (Chauvière et al., 2009 ) and traumatic brain injuries (Fedor et al., 2010; Lee et al., 2013) .
